A key for increasing the module efficiency is improved light harvesting. The structuring of solar cell interconnection ribbons (CIR) is a promising option for improved light harvesting as it can easily be integrated into current module production. We perform ray tracing simulations of complete PV modules in 3D exhibiting geometric features such as profiled CIR and surface textured cells. We evaluate the increase in module performance by a light harvesting string (LHS) under realistic irradiation conditions with respect to angular and spectral distribution. Using the realistic irradiation for a location in Germany, a location at the polar circle and a location at the equator we simulate the enhancement of short-circuit current density J sc resulting from the use of LHS. Our results show J sc gains between 1.00% and 1.86% depending on the location and module orientation. We demonstrate the applicability of our model by comparing measurements and simulations for a one-cell module that we measure and simulate under various angles of the light incidence.
Introduction
In order to increase module efficiency the light harvesting capabilities of the module have to be improved. One option is the use of structured cell interconnect ribbon (CIR) which easily can be integrated within the module production. To optimize the structure of the CIR it is essential to know its impact on the module performance. For this reason one typically measures the current voltage characteristic of the module under standard test conditions (STC). Standard test conditions assume a spectral distribution as defined in IEC 60904-3, Ed. 2.0 with an angular distribution constraint to normal incidence. It has been shown [1, 2] that structured CIR have a significant impact on the module performance under these conditions by increasing the generated current density by about 2.5%. The commercial structured CIR from Schlenk Metallfolien GmbH & Co. KG evaluated in this paper is named light harvesting string (LHS).
Aiming at reducing experimental efforts and costs for the manufacturing of modules as well as studying the impact of different irradiation conditions we perform optical ray tracing simulations utilizing our in-house ray tracer DAIDALOS [8] . For the modeling of the LHS we utilize a 3D profile extracted from a cross sectional micrograph as well as an associated refractive index of the CIR material. In contrast to literature, where the CIR's optical properties are only modeled by light recovery factors [3] or shading area ratios [4] , respectively, this approach enables us to simulate the optical properties for different angles of incidences as well as spectrally resolved.
Moreover, STC differs significantly from the irradiation conditions for realistic photovoltaic (PV) system installations in the field, where the sun moves over the celestial hemisphere, therefore changing its angle of incidence as well as the traversed air mass (i.e. the incident spectral distribution). Thus it is questionable if the performance increase measured under STC is the same for realistic field conditions [5, 6] .
Within this work we therefore investigate the light harvesting capabilities of the LHS using optical simulations under realistic irradiation conditions. Using a recently published approach [6, 7] we model the mean annual daylight, including the spectral and angular distribution, based upon measured irradiances for the region of Hamelin, Germany. Also, we create two "artificial" clear-sky representations of the mean annual daylight as found in the region of the polar circle and the equator. Utilizing these models for mean annual daylight we compare the short circuit current density J sc generated by the use of standard CIR and LHS and evaluate the realistic current gain of LHS for these locations.
Daylight models
In order to allow for a realistic representation of daylight within a simulation, its spectral and angular distribution has to be modelled. We utilize an in-house developed mean annual daylight model [6, 7] which is based on irradiances that we measured over 14 years (1992 -2006) in Hamelin, Germany. The measurements were performed using a pair of photopyranometers to obtain the values of horizontal global and diffuse irradiance with a temporal resolution of 5 minutes. Our model includes the impact of the sun's position and clouds on the angular and spectral distribution. However, scattering of light is treated wavelength independent. This means that the spectral impact of e.g. aerosols or seasonal changes in the atmosphere composition are neglected. The result of our approach is a mean annual daylight distribution that models the celestial hemisphere by a partition into solid-angle intervals of 5° azimuth and 5° altitude. Each of these intervals contains its own spectral distribution of diffuse and direct light. Figure 1(a) shows the apparent origin of the light on the celestial hemisphere for the location of Hamelin, Germany. Here, the intervals are colored corresponding to the radiation power density that incidents from the particular solid angle.
Additional to the daylight model for Hamelin, we also generate models for a location at the equator and a location at the polar circle. Contrary to the model for Hamelin, which is based on measured irradiances, these two are based on artificial irradiance data we calculate for both locations using SMARTS [11] . Consequently, for these sources an unclouded sky is assumed. This decreases the fraction of diffuse light in the models considerably. The associated distributions of light incidence angles are shown in Figure 1 (b) and 1(c).
Note that due to the neglected clouds, the calculated radiation power density is higher than expected. However, in the simulations all power densities are scaled to a value of 1000 W/m 2 in order to be comparable to AM1.5G, therefore our results only depend upon the spectral and angular distributions of the particular daylight model.
Simulated structures
The task of performing optical simulations on full solar modules is quite complex for two reasons. On the one hand, light can travel lateral distances of several centimeters due to multiple reflections within the module. Different parts of the module are, therefore, optically coupled. This impedes optical simulations based on small unit-cells. On the other hand, the sizes of module components are ranging from the micrometer scale (e.g. the pyramid texture) to the meter scale (e.g. metal frame). Therefore, using large simulation domains leads to a high amount of geometric objects (e.g. each cell's surface is textured with roughly pyramids). Using our in-house developed ray tracer DAIDALOS [8, 9] , we are able to utilize a multi-domain algorithm [10] for simulating the whole module geometry.
We simulate two module geometries. For the comparison with current measurements of a one-cell module, the module geometry in Figure 2 (a) is used. It includes a cell-to-edge gap of 2.2 cm and absorbing boundary conditions to model the black edges of the produced mini-module. Contrary to that, we use the geometry shown in Figure 2 (b) for our simulations of full modules under realistic modelled irradiation conditions. This geometry represents a solar cell within the middle of a PV module, therefore, a 2 mm gap to adjacent cells as well as periodic boundary conditions are used. Note, although not shown in Figure 2 (a/b), our geometries include the metal fingers and the random pyramid texture on the cell's top as well as the cell's full-area aluminum rear metallization. The refractive index data and dimension for all module components are listed in Table 1 .
Geometric model of the cell interconnection ribbon
We simulate a standard CIR as well as a structured LHS. The LHS is modelled according to profile measurements of the manufacturer that are shown in Figure 2 (c). The profile of the standard CIR was measured inhouse and modelled as shown in Figure 2 (d). The material parameters (i.e. the complex index of refraction) of the solder alloy (Sn62.5/Pb36/Ag1.5) were determined by spectroscopic ellipsometry and are given in appendix A. 
Simulations

Comparison with incident angle dependent measurements on a one-cell module
We measure the current of a one-cell module, contacted either with LHS or standard CIR, under varying incident angles of the light (-80° to +80°) and compare these results with our simulations. The one-cell module is shown in Figure 3 (a) with its side edges colored in black to prevent light from passing this boundary. The corresponding module geometry used in our simulation is shown in Figure 2 (a).
The angle dependent current measurements are performed using a class AAA flasher (HALM GmbH). While the light source is fixed, the one-cell module is tilted around a rotation axis and the generated module current density J sc is measured. This is done in two configurations, in the first one the module is tilted around an axis parallel to the CIR, leading to an angle variation across the CIRs (Figure 3(b) ). In the second one, the tilt is done around an axis perpendicular to the CIR, introducing an angle variation along the CIRs (Figure 3(c) ). These angle variations are then modelled within the optical simulation to determine the generated short circuit current density when using standard CIR (J sc,std. ) and LHS (J sc,LHS ). The relative J sc -gain reached of LHS is calculated as the ratio J sc,LHS /J sc,std .
In Figure 4 , the simulated gain in the short-circuit current density J sc is compared to the one calculated from the measurement. The simulated results are in good agreement with the measurement. However, the small changes in current resulting from the use of LHS compared to standard CIR, in the range of 0.1 mA/cm 2 , result in a significant measurement uncertainty of the J sc -gain. Especially for large incidence angles the measurement uncertainty is drastically increased. The reason for this is twofold, the solid angle under which the module is seen from the light source is reduced resulting in a reduced intensity of the incident light and a large fraction of the incident light is reflected at the air/glass-interface.
Considering the J sc -gain of a module tilted around an axis parallel to the CIR (Figure 4(a) ), the curve can be best described by a separation into three parts. For an incident angle from 0°-20°, light that incidents on the LHS is reflected under an angle that leads to total reflection at the glass/air interface and is reflected back towards the cell. The three cell interconnect ribbons cover an area of about mm 2 and occupy a fraction of about 2.9% of the cell's surface. As shown in the appendix (Table 2) , the average reflectivity of the embedded LHS under normal irradiance is about 89.7% within the simulated wavelength range. Therefore under optimum conditions, i.e. all light reflected at the air/glass interface is absorbed by the cells, this would lead to about 2.6% J sc gain under normal incidence. As can be seen from Figure 4 , the J sc -gain is about 1.8 % due to three effects. First, some of the reflected light is absorbed within the EVA and the SiN x coating on the cell's surface after reflection. Second, not all light that reaches the cell is actually absorbed but may be reflected instead. And third, reflection at the standard CIR is not fully specular but scatters a part of the light which also gets reflected back onto the cell.
If the module is tilted around an axis parallel to the CIRs (Figure 4 , left) there is a sudden decrease in the achieved J sc -gain for incident angles larger than 20°. This occurs because light reflected by the LHS is no longer totally reflected by the glass/air interface and therefore can leave the module. Finally, for incident angles larger than about 45° degree, the reflection decreases further because light which hits the LHS under an incident angle (measured against the module normal) larger than the LHS structure angle of 28° is redirected by the LHS structure Fig. 3 . A one-cell module (a) is built to measure the generated short circuit current density Jsc under varying incident angles. These are varied by tilting the module either around a rotational axis parallel to the middle cell interconnection ribbon, resulting in an angle variation across the CIRs (b) or by an axis perpendicular to the CIRs, resulting in an angle variation along them (c).
toward the glass/air interface, easing the transmission out of the module. Due to this effect the J sc -gain falls below zero, i.e. the generated short current density is smaller for a module with LHS than for one with standard CIR, at such large incident angles.
In the case of a tilt variation around an axis perpendicular to the CIRs (Figure 4(b) ), a nearly constant J sc -gain of about 1.8% is observed. In this case the projected angle within the plane perpendicular to the LHS does not change. The light harvesting structure can therefore function as intended, i.e. inducing total reflection at the glass/air interface, for all angles of incidence.
Comparison of J sc gain at different locations on the earth surface
The results presented in the previous section show a J sc -gain of about 1.8% for a usage of LHS under normal incidence. Note, that the measured one-cell module (Figure 2(a) ) has a wide gap of 2.2 cm as well as absorbing boundary conditions, which is possibly the reason for the deviations between the measured value and the literature value of about 2.5% under STC [1, 2] . However, as is also shown in Figure 4 (a), J sc -gain quickly decreases for incidence angles larger than 20° dependent on the module orientation. To simulate the impact of LHS under realistic conditions, where light is incident from several directions, we make use of the above presented daylight model. We simulate the short-circuit current density J sc of a middle cell within a solar module which is either contacted with standard CIR or LHS. For these simulations we use the module geometry shown in Figure 2(b) . To simplify the simulation we neglect contributions from the modules edge area (e.g. reflection at the metal frame) by applying periodic boundary conditions on the domain boundaries of the simulated module geometry. Additionally, to be comparable to AM1.5G spectrum with respect to the total radiation power density the power densities of the daylight sources are scaled to 1000 W/m 2 . Within our simulations we consider the two module orientations shown in Figure 5(a/b) . In the south-north (SN) orientation of the CIR, the sun's path over the module crosses the CIR, while it goes along them in the east-west (EW) orientation. Furthermore, each module has an optimal tilt angle towards south, with 35° for the region of Hamelin, 48° for the polar circle and 0° for the equator. The values of the J sc -gain resulting from these simulations are shown for all three locations as well as for both orientations in Figure 5 (c). Fig. 4 . A module tilt around the parallel axis (left) shows a significant decrease in Jsc-gain for light with incident angles bigger than 20° on the module's surface. This is due to the fact that a reflection of these rays at the LHS does not lead to total reflection at the glass/airinterface. In the case, of a module tilt around the perpendicular (right) this effect does not occur, resulting in a nearly constant Jsc-gain. Figure 5c shows that a higher J sc -gain can be reached in EW orientation than in SN orientation for any of the simulated locations. The reason for this is that the sun's path going parallel along the CIR for an EW orientated module, according to Figure 4b , results in a nearly constant J sc -gain. Contrary to that, a SN orientation results in a significant decreased J sc -gain in the morning and evening hours.
The maximum reachable J sc -gain depends on location. It is about 1.86%, for the equatorial region and 1.76% at the polar circle. For Hamelin it's only 1.52%. For this latter case, measured irradiance data was used to create the irradiation model, which therefore includes light scattering by clouds. As a consequence the ratio of diffuse to direct irradiance is 0.47. The diffuse fraction is significantly smaller for the artificial sources which neglect the impact of clouds, resulting in a ratio of 0.2 for the polar circle and 0.15 for the equatorial region. Some of this diffuse light incidents from small altitude angles, e.g. from near the horizon. In EW orientated modules, this light hits the LHS under an angle that does not allow for a succeeding total reflection at the glass interface (as shown in Figure 4(a) ), consequently resulting in a decrease in J sc -gain.
In Figure 5 (c) it can be observed that this impact of light from small altitudes is reversed for SN orientated modules. The gain in J sc increases for SN orientated modules from the region of the equator (1%) over the polar circle (1.03%) to the region of Hamelin (1.14%). A possible explanation for this is that SN orientated modules allow for an LHS induced total reflection at the glass/air interface only for a small interval of incident angles between 0° to 20° (Figure 4(a) ). Thus, it is preferable for these modules when direct light that initially incidents under larger angles of incidence is scattered over the celestial hemisphere with a fraction also scattered into the acceptable angle interval. Consequently, the J sc -gain increases with the fraction of diffuse irradiance.
Monthly resolved J sc gain for the region of Hamelin
To investigate the impact of light impinging from small altitude angles on the performance of EN and SN orientated modules, respectively, we simulate the monthly resolved J sc -gain for the region of Hamelin. While the module geometry remains unchanged with respect to the previous section, the mean annual daylight for Hamelin is split into twelve mean monthly models. Utilizing this models, we repeated the simulation of the expected J sc -gain for each of the twelve months. The result of these simulations is shown in Figure 6 (right), which presents the values of J sc -gain achieved when using LHS instead of standard CIRs during the particular month. As can be seen, an EN orientation of the module results in a J sc -gain higher than about 1.6% in the months from March to September. Here it clearly outweighs the SN orientated modules with a J sc -gain of slightly above 1%. This is changed from November to January in which the EN orientated modules suffer from the flat incident angles resulting in a J sc -gain lower than 1%, while the SN orientated modules still provide a J sc -gain higher than 1.2%. This is, again, due to a higher ratio of diffuse light in winter than in summer.
Summary and conclusion
We investigated the impact of the LHS under realistic irradiation by both, experiment and simulation. Measurements were performed on solar mini-modules. For the optical simulations we presented a geometric model of a mini-module and a full-scale module. The modules included either cells with standard CIR and LHS. The shape of the CIR in the geometric models were based on measured profiles. Calculations using these models agree well to incident angle dependent measurements. Simulations and measurements show that a gain in J sc of almost 2%, compared to the use of standard CIR can be reached by the usage of LHS under optimal conditions. These values are significantly affected by the angle of incident and the orientation of the PV modules, whereby LHS benefit from an orientation where the incident light moves along the CIR. Using a realistic model of daylight at three locations we investigated the impact of varying irradiation conditions on the light harvesting capabilities of the LHS. In correspondence with the angle dependent measurements, these simulations show a J sc gain of 1.86% for a location on the equator under optimum module orientation. The results show, that the angle under which light hits the LHS has a significant impact on its performance. Here, experiments and simulation are performed with a glass having a flat air/glass-interface. Structured glass will change the angle of the light ray by refraction. Therefore, in case of structured glass surface the gain in current might change.
To conclude, our simulations show that the LHS provide a significant 1.8% gain in short-circuit current J sc under STC as well as realistic irradiation conditions compared to standard CIR. However, this gain is influenced by the orientation of the modules as well as the prevailing ratio between diffuse and direct light at the particular location. While locations with mostly direct light and an optimal module tilt are expected to profit from a J sc -gain of almost 2%, this will be slightly less 1.5% for regions with about 50% of diffuse irradiation as in central Europe. For all three locations our simulations demonstrated that an orientation of the module where the CIR lie in EW-direction is preferable to a SN-orientation. Fig. 6 . The angular distribution of incident light in the region of Hamelin varies significantly between the summer (March to September) and the winter (October to February). This angular variation has a significant impact on the performance of the LHS during the twelve month of a year. While EW orientated modules profit from direct light in the summer with increased Jsc-gain compared to SN orientated ones, this is inverted in the summer where the incident light is coming from small altitude angles.
Appendix A. Optical data of cell interconnection ribbon
In order to allow for a realistic modeling of the standard CIR, we determined the refractive index of the (Sn62.5/Pb36/Ag1.5) solder alloy on its surface with spectroscopic ellipsometry measurements. The wavelength dependent values are shown in Table 2 . Additionally, the reflectivity under normal irradiation, simulated for both CIR types within the EVA, is shown in the table. Here, the wavelength range is constraint to the wavelength interval used within the simulation. Table 2 . Values of the index of refraction (n) and the extinction coefficient (k) measured for the solder alloy (Sn62.5/Pb36/Ag1.5) using ellipsometry measurements as well as the reflectivity for std. CIR and LHS embedded in EVA, simulated for the case of normal irradiation.
Refractive index of the (Sn62.5/Pb36/Ag1.5) solder alloy 
